The genetic basis of myelodysplastic syndromes (MDS) is heterogeneous, and various combinations of somatic mutations are associated with different clinical phenotypes and outcomes. Whether the genetic basis of MDS influences the outcome of allogeneic hematopoietic stem-cell transplantation (HSCT) is unclear.
INTRODUCTION
Myelodysplastic syndromes (MDS) are myeloid neoplasms that range from conditions with a near-normal life expectancy to forms that are close to acute myeloid leukemia (AML). 1 Their clinical heterogeneity reflects different somatic mutations that cause clonal proliferation and evolution of myelodysplastic cells. [2] [3] [4] The fact that MDS have highly variable clinical courses makes risk stratification of crucial importance in clinical decision making. 1, 5 Several prognostic scoring systems based on Author affiliations appear at the end of this article.
clinical/hematologic parameters have been developed. 6 In 2012, an international collaborative group created the revised International Prognostic Scoring System (IPSS-R), which defines five risk groups with different probabilities of survival and leukemic evolution. 7 The only curative treatment for patients with MDS is allogeneic hematopoietic stem-cell transplantation (HSCT), which is considered as a therapeutic option until the age of 65 to 70 years in eligible patients. 5 The long-term survival rate is currently approximately 30%. [8] [9] [10] [11] [12] Reasons for transplantation failure include toxicity of the procedure and disease relapse.
Prognostic scoring systems are currently used to predict the outcome after HSCT. 5, 12 In particular, disease burden and cytogenetic abnormalities provide information on the risk of disease relapse after the procedure. [8] [9] [10] [11] [12] Major limitations of the use of these scores include the reliability of some variables based on morphologic evaluation and the fact that cytogenetics is not informative in a large proportion of patients and includes secondary, late genomic events, deriving from the genome instability caused by the founding genetic mutation. 4, 13 Mutations in several genes have been reported to influence the risk of disease progression and to affect clinical decision making in MDS. [14] [15] [16] [17] Preliminary data suggest that mutations in TP53, TET2, and DNMT3A genes are associated with a high probability of relapse after HSCT. 18 Comprehensive analyses in large patient populations are warranted to correctly estimate the independent effect of each mutation on posttransplantation outcome. To address this question, we used massively parallel sequencing to examine tumor samples for coding mutations in 34 recurrently mutated genes in myeloid neoplasms. Samples were collected from 401 patients with MDS or MDS/AML before HSCT.
PATIENTS AND METHODS

Patients and Study Design
These investigations were approved by the ethics committee of the Fondazione IRCCS Policlinico San Matteo, Pavia, Italy. We studied 401 patients who underwent allogeneic HSCT for primary MDS or AML evolving from MDS (MDS/AML) between 1997 and 2013 and were reported to the Gruppo Italiano Trapianto di Midollo Osseo registry. Diagnosis of MDS was made or revised according to the 2008 WHO criteria. 19 Clinical characteristics of patients and transplant procedures are reported in Table 1 .
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Sample Processing, DNA Sequencing, and Mutation Analysis
We analyzed bone marrow mononuclear cells collected at the time of transplant in patients receiving allogeneic HSCTupfront, and at the time of remission-induction therapy in those receiving treatment before transplantation. In nine patients, samples at the time of disease relapse after HSCT were also studied. DNA was isolated from tumor cells using the Gentra Puregene Blood Kit (Qiagen, Germantown, MD).
A TruSeq Custom Amplicon panel (TSCA; Illumina, San Diego, CA) targeting complete coding exons and their adjacent splice junctions from 34 genes was designed using Illumina Design Studio software. Genes were selected based on the available evidence in myeloid neoplasms (Appendix Table A1 , online only). The TSCA panel consisted of 886 amplicons, 425 bp in length, for a total of 205 kb targeted DNA. Dual-barcoded TSCA libraries were created from 250 ng of high-quality DNA according to the manufacturer's protocol. Libraries were multiplexed and underwent 2 3 250-bp paired-end sequencing on a MiSeq sequencing system using MiSeq Reagent Kit v3 (Illumina).
Mutational analysis of low-performer regions (ie, regions with inadequate coverage [, 1003]) was carried out using Nextera XT sample preparation kit (Illumina), and sequencing reactions were performed using the MiSeq v2 (2 3 150 bp) chemistry. The resulting average depth of coverage for the 886 amplicons was 9803. Sequence reads were initially aligned to the human genome (GRCh37/hg19) using the Burrows-Wheeler aligner. The Genome Analysis Toolkit (www.broadinstitute.org/gatk/) was later used to clean up reads and to make alignment data more reliable for the variant calling (Genome Analysis Toolkit data clean up best practice). Single nucleotide variants and small insertions and deletions were identified by MuTect and UnifiedGenotyper, respectively.
Functionally annotated variants were filtered accordingly to the following criteria. Synonymous variants and variants located outside protein-coding regions were filtered. Polymorphisms described in dbSNP (version 138) and in 1000 Genomes Project with a population frequency . 1% and 0.14%, respectively, were removed. Finally, variants with coverage , 303 and , 10 supporting reads, and variants with an allelic fraction (VAF) lower than 1%, were filtered. The remaining variants, evaluated as candidate somatic mutations, were finally tagged as oncogenic using different criteria based on information retrieved from literature, sequence conservation, and in silico prediction effect.
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Statistical Analysis
Comparison of numerical variables between groups was carried out using a nonparametric approach (Mann-Whitney test or Kruskal-Wallis analysis of variance). Comparison of the distribution of categorical variables in different groups was performed with either Fisher's exact test (2 3 2 tables) or the x 2 test (larger tables). Overall survival (OS) was defined as the time between transplantation and death (from any cause) or last follow-up (for censored observations). When estimating nonrelapse mortality, any death in the absence of disease relapse was considered an event. The probability of relapse was estimated considering transplant as a failure at the time of hematologic relapse (evaluated according to standardized criteria). 24 The cumulative probability of surviving was estimated using the Kaplan-Meier product limit method. The cumulative incidence of relapse and nonrelapse mortality were estimated with a competing-risks approach. 25 Univariable and multivariable survival analyses were performed using Cox proportional hazards regression. To compare different statistical models, we used the likelihood ratio test. Analyses were performed using STATA 11.2 SE (STATA, College Station, TX) and Statistica 7.0 (StatSoft Inc., Tulsa, OK) software.
RESULTS
Gene Mutations in Patients With MDS and MDS/AML Receiving HSCT
Oncogenic mutations were identified in 34 genes in the whole study population. RUNX1 was the most frequently mutated gene (23%), followed by SRSF2 (17%), ASXL1 (17%), SF3B1 (16%), KRAS/NRAS (16%), DNMT3A (15%), TP53 (13%), and TET2 (10%) (Fig 1A) .
In total, 318 of 401 patients (79%) had at least one oncogenic point mutation, whereas cytogenetic studies identified abnormalities in 149 patients (37%). When sequencing and cytogenetics were combined, the number of patients with MDSrelated oncogenic lesions increased to 87%. Indeed, 97 patients had one oncogenic point mutation (24%), 123 had two or three mutations (31%), and 98 had greater than four mutations (24%). No significant relationship was observed between WHO category (reflecting disease burden) and the prevalence of patients carrying driver mutation(s). Moreover, the sample quality and the average depth read in wild-type patients were comparable to those of mutated cases.
A significantly higher prevalence of mutations in splicing factors were observed in MDS compared with MDS/AML (P = .021), whereas mutations in DNA methylators were more frequent in MDS/AML than in MDS (P = .001; Fig 1B and C) . We then focused on MDS/AML and stratified these 127 patients according to three distinct genetic subtypes, as previously defined 25 : secondary-type AML (including patients carrying mutations in SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, or STAG2 genes), TP53-mutated AML, and de novo AML (mainly including patients with NPM1 mutations, MLL/11q23 and CBF rearrangements). Accordingly, 55 subjects were classified as secondary-type AML (43%), 13 as TP53-mutated AML (10%), and 59 as de novo AML (47%; Fig 1C) .
Genetic Predictive Features for the Outcomes of Allogeneic HSCT in Patients With MDS and MDS/AML
In our study, the number of somatic mutations was found to have a significant effect on probability of relapse and OS after HSCT (P , .001 and P = .017, respectively; Fig 2A) . We then examined the hazard ratio (HR) of death associated with mutations in the genes mutated in $ 5% of patients in this cohort. In univariable analysis, mutations in RUNX1, ASXL1, IDH1/2, and TP53 were associated with increased probability of relapse (HR, 1.78 [95% CI, 1.26 to 2.27], P = .001; HR, 1.89 [95% CI, 1.34 to NOTE. All values are expressed as the number of patients (%), unless otherwise specified. Abbreviations: HSCT, hematopoietic stem-cell transplantation; IPSS-R, revised International Prognostic Scoring System; MDS, myelodysplastic syndromes; MDS/AML, acute myeloid leukemia evolving from MDS; MDS (del)5q, MDS associated with isolated del(5q); MUD, matched unrelated donor; NS, not significant; RAEB-1, refractory anemia with excess blasts-1; RAEB-2, refractory anemia with excess blasts-2; RARS, refractory anemia with ring sideroblasts; RCMD, refractory cytopenia with multilineage dysplasia; RCUD, refractory cytopenia with unilineage dysplasia *All variables were analyzed at the time of transplantation in patients undergoing up-front allogeneic HSCT, and at the time of remission-induction chemotherapy in those receiving treatment before transplantation. †MDS/AML included patients with AML evolving from MDS, and those affected with RAEB-t (refractory anemia with excess blasts in transformation) according to the French-American-British classification.
‡Transfusion dependency was defined as having at least one red blood cell transfusion every 8 weeks over a period of 4 months.
20 §Criteria for selection of human leukocyte antigen (HLA)-matched unrelated donors before 2002 included low-resolution typing for HLA class I (A, B) and high-resolution typing for HLA-DRB1. Since 2002, criteria have included high-resolution typing for both HLA class I (A, B, C) and class II alleles (DRB1/3/4/5, DQA1, DPB1). kThe most frequent conditioning regimens included the following: total body irradiation (TBI) and cyclophosphamide, TBI and fludarabine, busulfan and cyclophosphamide, thiotepa and cyclophosphamide, and thiotepa and fludarabine. In most patients, graft-versus-host disease prophylaxis was combined cyclosporine and methotrexate. Fig 2B and Table 2 ).
The prognostic effect of gene mutations was maintained when considering patients with MDS and patients with MDS/AML separately (P values ranging from .039 to , .001). RUNX1 mutations were significantly associated with multilineage dysplasia (P = .012), excess blasts (P = .024), and decreased level of platelets (P = .031). A borderline association was found between ASXL1 mutations and poor/very poor cytogenetic risk according to IPSS-R criteria (P = .052). IDH1/2 mutations were associated with excess blasts (P = .018) and multilineage dysplasia (P = .009). TP53 mutations were associated with poor/very poor cytogenetic risk (P , .001), transfusion dependency (P = .042), and decreased level of neutrophils (P = .033).
As a next step, we fitted a Cox multivariate model to evaluate the prognostic effect of somatic mutations on posttransplantation outcome, considering as covariates the factors age and sex of recipient; hemoglobin, neutrophil, and platelet levels; percentage of marrow blasts; cytogenetics (according to IPSS-R criteria), disease stage at transplantation (complete remission v active/progressive disease), source of hematopoietic stem cells (peripheral blood v bone marrow), type of donor (human leukocyte antigen-identical sibling v matched unrelated donor); and type of conditioning (reduced-intensity v standard conditioning).
In the analysis performed on patients with MDS, mutations in ASXL1, RUNX1, and TP53 genes showed an independent effect on probability of relapse and OS after transplantation (ASXL1: HR, Table 2 ).
To account for the long period of recruitment, we analyzed the effect of year of transplantation on clinical outcome. Year of transplantation showed a significant effect on transplant-related mortality (P = .011) and a borderline effect on OS (P = .062), whereas probability of relapse was not significantly affected.
We then stratified mutations according to VAF. Patients with mutated ASXL1, RUNX1, and TP53 genes with VAF # 10% versus . 10% were 14% versus 86%, 55% versus 45%, and 45% versus 55%, respectively. The negative effect of gene mutations on posttransplantation outcome was maintained when performing separate analyses on patients with VAF # 10% versus . 10% (data not shown).
To verify whether somatic mutations could improve the prognostic stratification of patients with MDS who underwent HSCT, we fitted two separate multivariable analyses, including and not including ASXL1, RUNX1, and TP53 mutations, respectively, and compared them using the likelihood ratios test. The model comparison resulted in a significant P value (P , .001), thus confirming the importance of accounting for gene mutations in the prognostic model.
We then focused on patients with MDS/AML. Mutations in ASXL1, RUNX1, and TP53 genes confirmed an independent effect on probability of relapse and OS after transplantation www. Table 2 ). We stratified patients with MDS/AML according to three distinct genetic subtypes (ie, de novo AML [reference group], secondary-type AML, and TP53-mutated AML). 26 Genetic AML subgroups were significantly associated with a different probability of relapse and survival after transplantation (P = .003 and P = .013, respectively; Fig 2C) . In multivariable analysis, AML ontogeny maintained an independent effect on probability of relapse and survival after transplantation (HR, 1.78 [95% CI, 1.36 to 3.63], P = .028 and HR, 1.74 [95% CI, 1.25 to 3.87], P = .042, respectively).
Clinical Impact of Somatic Mutations in Patients With MDS Receiving HSCT, Stratified According to IPSS-R
First, we evaluated the prognostic effect of the IPSS-R score using a multivariate regression model. In this analysis, focused on patients with MDS, IPSS-R significantly affected probability of relapse (HR, 1.53 [95% CI, 1.18 to 2.16], P , .001) and OS (HR, 1.41 [95% CI, 1.11 to 2.05], P = .001). We then introduced somatic mutations in ASXL1, RUNX1, and TP53 genes as covariables in the model. Both IPSS-R and gene mutations maintained an independent effect on posttransplantation outcome (IPSS-R: probability of relapse HR, 1.37 [95% CI, 1.02 to 1.99], P , .001 and OS HR, 1.29 [95% CI, 1.04 to 2.21], P = .001; ASXL1: probability of relapse HR, 1.95 [95% CI, 1.16 to 3.14], P = .015 and OS HR, 1.69 [95% CI, 1.26 to 2.35], P = .007; RUNX1: probability of relapse HR, 1.72 [95% CI, 0.98 to 2.77 ], P = .041 and OS HR, 1.69 [95% CI, 1.06 to 1.97], P = .017; and TP53: probability of relapse HR, 1.79 [95% CI, 1.25 to 2.59], P = .030 and OS HR, 1.48 [95% CI, 1.08 to 2.37], P = .036).
In prognostic terms, because the HRs of IPSS-R score and of ASXL1, RUNX1, and TP53 mutations are comparable in size, the increase in risk resulting from the presence of mutated genes is equivalent to the increase resulting from a onestep shift into a more advanced IPSS-R risk group. Posttransplantation outcomes in patients with MDS classified by IPSS-R and stratified according to the presence of mutations in ASXL1, RUNX1, and TP53 genes are reported in Fig 3. Accounting for various combinations of a patient's IPSS-R category and mutational status, 5-year probability of survival and cumulative incidence of relapse after allogeneic HSCT ranged from 0% to 73% and from 4% to 77%, respectively. Compared with the IPSS-R-based stratification, when introducing gene mutations, the prediction of posttransplantation outcome would significantly change for 34% of patients.
Finally, to verify whether gene mutation could improve the IPSS-R prognostic stratification of patients with MDS who underwent allogeneic HSCT, we fitted two separate multivariable analyses including and not including gene mutations as covariables, respectively, and compared them using the likelihood ratios test. The model comparison resulted in a significant P value (P , .001), thus confirming the importance of accounting for gene mutations in the prognostic model.
Mutation Pattern at Disease Relapse After HSCT in Patients With MDS and MDS/AML
We used massively parallel sequencing to examine paired tumor samples collected from nine patients before HSCT and at the time of disease relapse after the procedure. Different types of clonal evolution occurred at relapse. In seven patients, the founder clone recurred, whereas in two patients a subclone of the founder clone escaped and expanded at relapse. In all patients, additional mutations not detected at diagnosis were observed at the time of relapse (Table 3 ). Focusing on the three genes associated with negative posttransplantation outcomes in our study, in patient 3, the founder clone carrying RUNX1 mutation recurred at the time of relapse, whereas in patients 7 and 9, mutations of RUNX1 and ASXL1 (both with low VAF before transplant) expanded at the time of disease recurrence, respectively.
DISCUSSION
Disease relapse is a common cause of HSCT failure in patients with MDS or MDS/AML. [8] [9] [10] [11] We tested the hypothesis that driver mutations may have an effect in predicting posttransplantation outcomes in these patients. 18 Mutations in ASXL1, RUNX1, and TP53 genes were found to be independent predictors of relapse and OS after HSCT. The integration of mutations into currently available predictive models was found to increase the ability to capture prognostic information at the individual patient level.
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In this study, gene sequencing significantly increased the proportion of patients with information on disease biology with respect to conventional cytogenetics. 14 The genotype of MDS treated with HSCT was consistent with a patient subgroup at high risk of clonal evolution, as indicated by a decreased frequency of SF3B1 mutations and increased frequency of mutations in transcription factors (RUNX1) and TP53 with respect to the whole MDS population. 14 We observed in addition that at least three distinct genetic subtypes may account for unique MDS/AML clinical phenotypes: secondary-type AML (including patients carrying mutations in MDS-related genes), TP53-mutated AML, and de novo AML, 26 thus suggesting that gene ontology may provide more objective diagnostic criteria with respect to clinical classification in these patients. Finally, massively parallel sequencing provided information on clonal evolution occurring at relapse after HSCT. In some patients, the founder clone recurred, whereas in other patients a subclone of the founder clone escaped and expanded at relapse. 28 In all patients, additional mutations not detected at the time of diagnosis were observed at the time of relapse.
We provided evidence of clinical utility in considering mutation screening to predict survival after transplantation in patients with MDS and MDS/AML. In clinical practice, IPSS-R score identified four groups of patients with different probabilities of survival and disease relapse after HSCT. 12 A major contribution to the improvement of posttransplantation outcome prediction by IPSS-R was provided by the refinement of the prognostic role of chromosomal abnormalities. 7 Nevertheless, cytogenetics is not informative in a large proportion of patients and reveals secondary genetic events. 4 Accounting for various combinations of a patient's IPSS-R category and mutational status of ASXL1, RUNX1, and TP53 genes, 5-year probability of survival and relapse after allogeneic HSCT ranged from 0% to 73% and from 4% to 77%, respectively. In direct comparison, a predictive model accounting for gene mutations was found to be more likely to capture prognostic information with respect to IPSS-R alone.
In patients with MDS/AML, we observed that gene ontology predicts survival after transplantation. Secondary-type AML was associated with a lower probability of survival after transplant compared with patients with de novo AML. Moreover, TP53 mutations identified a group of patients with dismal outcomes after transplantation.
Overall, these results serve as a proof of concept that the integration of somatic mutations significantly increase the ability to capture prognostic information in patients with MDS and MDS/ AML who are receiving allogeneic HSCT, and may provide a basis for improving clinical decision making. 4, 27 Possible interventions in patients with high risk of disease relapse after HSCTaccording to genotype may include the anticipation of the transplant procedure in early disease phase, the use of innovative conditioning regimens to increase the probability of eradicating the MDS clone, and prophylaxis of disease recurrence after transplantation by donor leukocyte infusions and targeted/novel therapies. 29, 30 There are potential weaknesses in our work, mainly related to the retrospective nature of this registry-based study. These include patient selection, missing data in a proportion of patients, a long period of recruitment, and different types of transplantation and of pretransplantation treatment. Moreover, in the absence of a matched control sample, it is challenging to distinguish with perfect accuracy between somatic and germline variants. Despite these limitations, clinical and hematologic data were available in the great majority of the original patient population, and analyses were adjusted for all known potential confounding factors. Furthermore, samples for mutation screening were homogeneously collected from bone marrow before treatment, and the landscape of truly somatic mutations in tested genes has been well established from large-scale genomics studies, 2, 3, [14] [15] [16] 18 allowing confident predictions to be made. Although we are aware that a prospective validation of our observations is needed, we believe that the findings of this study may contribute to improving prognostic counseling of patients with MDS and the design of clinical trials.
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